This paper presents transonic buffet simulations over a swept wing of supercritical airfoils with Unsteady Reynolds-Averaged Navier-Stokes (URANS) and Detached-Eddy Simulation (DES) methods. The NASA SC(2)-0714 airfoil is used as wing profile. Computations are conducted at free-stream Mach numbers from 0.72 to 0.84 for Reynolds number 45.0 × 10 6 based on aerodynamic chord length. Firstly, 2D NASA SC(2)-0714 airfoil buffet simulation is performed. The computational results are compared with experimental measurements. The computational code successfully predicts the time-averaged pressure distribution and shock wave motion frequency. Then a 3D supercritical swept wing buffet simulations are performed with URANS and DES approaches. The URANS approach fails to predict buffet unsteady flow for this swept wing, while the DES approach predicts buffet unsteady flow at free-stream Mach number from 0.72 to 0.84. With the DES computations, the unsteady flowfield around the supercritical swept wing, aerodynamic performance, the moving shock wave behavior, coherent structures of disturbance waves, correlations between shock wave position and pressure fluctuation, are examined and characterized. It is found that the 3D supercritical swept wing shock wave oscillation pattern is determined by streamwise disturbance wave propagation and spanwise disturbance wave propagation, the pressure fluctuations are weak near the root and tip region, but become stronger about z/b = 30%-z/b = 90% of the wing half span. Finally, the Mach number -angle of attack buffet boundary is mapped out through the DES computations in the Mach number range between 0.72 to 0.84. As the Mach number increases, the buffet starting angle of attack becomes smaller. 
I. Introduction
In the transonic flow regime, shock wave and turbulent boundary layer interaction and flow separation induce a large scale self-sustained motion of the shock wave over the surface of the airfoil or wing. This unsteady shock motion is called transonic buffet. The unsteadiness of shock wave motion may cause overloading of the structures and eventually damage the structures. To control this negative effects, a good understanding and prediction of flow behavior are needed.
The physical mechanisms of the self-sustained shock motion has been studied for more than 50 years.
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Progresses have been made by different research groups. 1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] However it is still not fully understood because of the complexity of the flow structures and high non-linearity of this problem. Also previous studies were mainly focused on 2D airfoil buffet problem. For realistic aircraft design 3D wing buffet need to be considered. The 3D flow patterns are very different from those in 2D cases. Up to now there are only a few papers 14, 21 which presented preliminary 3D wing buffet computational results.
The present work presents a detailed URANS and DES computations to investigate buffet on a swept supcritical wing. Firstly, 2D URANS airfoil buffet simulation is performed to validate the unsteady computational solver. Then the 3D URANS and DES buffet simulations are performed. The unsteady flowfield around the wing, aerodynamic performance, the moving shock wave behavior, coherent structures of disturbance waves, correlations between shock wave position and pressure fluctuation, are examined and characterized. Finally, the Mach number-angle of attack buffet boundary is mapped out for this swept wing.
II. Computational Method

II.A. Numerical Code
The computational fluid dynamics code used here is known as PARCAE 22 and solves the unsteady threedimensional compressible Navier-Stokes equations on structured multiblock grids using a cell-centered finitevolume method with artificial dissipation as proposed by Jameson et al. 23 Information exchange for flow computation on multiblock grids using multiple CPUs is implemented through the MPI (Message Passing Interface) protocol. The Navier-Stokes equations are solved using the eddy viscosity type turbulence models. All computations presented in this work are performed using Menter SST k-ω model. 24 The main elements of the code are summarized below.
The differential governing equations for the unsteady compressible flow can be expressed as follows:
T he vector W contains the conservative variables (ρ, ρu, ρv, ρw, ρE) T . The fluxes consist of the inviscid convective fluxes F c and the diffusive fluxes F d , defined as
The stress tensor τ depends on the viscosity µ = µ L + µ T , where the subscripts L and T represent laminar and turbulent contributions, respectively. P r L and P r T are the laminar and turbulent Prandtl numbers, respectively. The closure model used to evaluate the turbulent viscosity µ T is the k − ω SST turbulence model, given by the equations ∂ρk ∂t
where
max(a1ω;Ωf2) . The source term S k and S ω are
In the above equations, f 1 and f 2 are blending functions. The parameters σ k , σ ω , β, β * , and γ are closure coefficients.
The DES modification in the k − ω SST turbulence models 25 is applied to the destruction source term in the k-equation as follows:
with
Also ∆ is the maximum local grid spacing, L t = √ k β * ω is the turbulent length scale, and C DES is a closure coefficient whose value is 0.61 for this model.
The flow and turbulence equations are discretized in space by a structured hexahedral grid using a cell-centered finite-volume method. Since within the code each block is considered as a single entity, only flow and turbulence quantities at the block boundaries need to be exchanged. The governing equations are solved using a dual-time stepping method for time accurate flow. Within each sub-iteration a five stage Runge-Kutta scheme is used with local-time stepping, residual smoothing, and multigrid for convergence acceleration. The turbulence model equations are solved using stagger-couple method. Further details of the numerical method can be found in Ref. 17 and 26. Figure 1 shows the 2D SC(2)-0714 airfoil computational mesh for buffet simulations. The mesh size is 385 × 73. There are 272 cells on the airfoil and 56 cells on the wake region. For 3D swept supercritical wing, a C-H type mesh is generated and the number of grid points is about 6.2 millions. The number of cells on the horizontal and vertical directions are the same as for the 2D airfoil grid. The number of cells on the spanwise direction is 220. Figure 2 shows the grid around the swept wing. The grids are divided into multiblocks to implement parallelization on multiprocessor computers to reduce computation time.
B. Computational Grid and Boundary Conditions
For numerical computations a characteristic non-reflected boundary condition is imposed for the far field boundaries, and the adiabatic no-slip boundary condition is specified on airfoil and swept wing walls.
III. Results & Discussion
III.A. 2D SC(2)-0714 airfoil Buffet Simulation
The flow condition is at Mach number 0.725, angle of attack 3
• , and Reynolds number 15×10 6 based on chord length. The URANS method with k-ω SST turbulence model is used for this simulation. Figure 3 shows the time evolutions of lift and drag coefficients. It shows clearly that there is periodic oscillation. Figure 4 shows Fast Fourier Transform (FFT) analysis of the lift coefficient. The unsteady buffet reduced frequency is about 0.22. It matches the NASA wind tunnel experimental data 0.19−0.22 27 and computation results found in Ref. 10 . Figure 5 shows the comparison of time-averaged pressure distribution between experiment and computation. It shows reasonably good agreement. Figure 6 shows the comparison of normalized unsteady pressure coefficient modulus squared between experiment and computation. The reduced frequencies of the 1st and 2nd shock oscillation modes for experimental data are 0.21 and 0.42. For the computation the reduced frequencies are 0.22 and 0.44. It shows a good agreement. The peak value location and overall shape of the normalized unsteady pressure coefficient modulus squared is very close to experiment result. The good agreement provide us confidence to extend the solver to perform 3D buffet simulations.
III.B. 3D Supercritical Swept Wing Buffet Simulations
In this session buffet simulations on a 3D swept wing with supercritical NACA SC (2) 
III.B.1. URANS Approach
Firstly, the URANS approach with the k-ω SST turbulence model is used to perform buffet simulation. For this simulation, the Mach number is 0.82 and the angle of attack is 1.0
• . Figure 7 shows the time evolutions of lift and drag coefficients. It shows the flow is steady and there is no buffet phenomenon at this flow condition with URANS simulation. Figure 8 shows time-averaged pressure contour on the wing upper surface. In the figure the red curve represents the wing trailing edge. The shock wave appears at the rear part of the wing section near the root region. While from the middle part of the wing to the tip region the shock wave moves upstream and becomes stronger, causing a large separations after the shock wave. This is also observed in the Mach number contours and section pressure distributions. Figures 9-10 show the time-averaged Mach number contours and pressure distributions at two different spanwise sections z/b = 19% and z/b = 63, respectively. The figures clearly show that the shock wave appears at about 70% of local chord length at z/b = 19% spanwise section and moves to 50% of local chord length at z/b = 63% spanwise section. At the two sections the flow is separated after the shock wave. The URANS with k-ω SST turbulence model predicts shock induced separation, but it dose not predict unsteady shock motion.
III.B.2. DES Approach
In this subsection, DES method based on the k-ω SST turbulence model is used to perform the swept wing buffet simulation at the same flow condition as in the last subsection. Figure 11 shows the time evolutions of lift and drag coefficients. While the URANS simulation shows steady result, the DES computations show clear periodic oscillations. The average lift coefficient oscillation amplitude is about 0.04. Figure 12 shows the FFT analysis of lift coefficients. The unsteady buffet reduced frequency is about 0.30 which is calculated based on aerodynamic chord length. The reduced frequency is almost 1.5 times of that for the 2D airfoil case found in III.A. steady motion reduced frequency. Figure 13 shows the time-averaged pressure contour on the upper surface of the swept wing. The pressure contour is similar to the URANS result. But the shock wave is much weaker because the temporal integration of flow intermittency during shock wave oscillation. Figure 14 shows the RMS of pressure fluctuations contour on the upper surface of the swept wing. It shows that the pressure fluctuations are weak near the root and tip region, and become stronger about z/b = 30%-z/b = 90% of the wing half span. Figure 15 shows time dependent pressure contours along streamwise direction at four different spanwise sections, z/b = 0.0%, z/b = 30%, z/b = 60%, and z/b = 90% locations. It also shows that the pressure fluctuation is weak at the root section and the pressure fluctuation achieves maximum about z/b = 60% location. Figure 16 shows the time-averaged pressure distribution and the RMS of pressure fluctuations at the 4 span locations. The peak RMS positions are close to the time-averaged shock wave positions. At the root section the time-averaged shock wave occurs at 70% of local chord, and it is steep and strong. At the z/b = 30% span location the time-averaged shock wave occurs at 60% of local chord. The recompression region is spread out, so the shock wave is little bit weaker. At the z/b = 60% span location the time-averaged shock wave occurs at 50% of local chord length. The recompression region is significantly spread out, and the shock wave is very weak. At the z/b = 90% span location, the time-averaged shock wave behavior is similar to the z/b = 60% span location. Figures 17-20 show the pressure fluctuations and power spectrum density (PSD) at five different streamwise positions on the four spanwise sections. At the root section, the pressure fluctuations at the five positions present similar behavior. Although the pressure fluctuations are weak, the first mode of pressure oscillation is the same as the wing lift coefficient oscillation frequency. At the z/b = 30% wing span, the pressure fluctuations become much larger and involve a few high frequency oscillation modes. But the first mode of the pressure fluctuations is still the same as the wing lift coefficient oscillation frequency. At the z/b = 60% and z/b = 90% of wing span sections, the pressure fluctuations become most intense and involve a lot of high frequency oscillation modes which may be associated with the small scales of flow separations. But again the first mode of the pressure fluctuations is consistent with that of the overall flow motion on the swept wing. These behaviors indicate the 3D shock wave induced flow oscillations not only depend on the streamwise position but also on the spanwise position. Figure 21 shows the pressure contours in the span and time plane at four different streamwise positions. It clearly shows propagating disturbances oscillating along the spanwise direction. Figure 22 shows the evolution of shock waves postions at two spanwise sections, z/b = 30% and z/b = 60% of wing half span. The shock wave positions are normalized by local chord length. It clearly show the periodic motion of shock wave postions. Figure 23 shows the coherence between shock wave postion oscillation at z/b = 30% and pressure fluctuation at z/b = 30%, x/c = 70% and z/b = 90%, x/c = 70% positions. It shows strong correlation between the shock position and pressure fluctuations at the frequency of the first mode of overall flow motion on the wing. Figure 24 shows the coherence between shock postion at z/b = 60% and pressure fluctuations at z/b = 60%, x/c = 70% and z/b = 90%, x/c = 70% positions. It shows significant correlation between the shock position and pressure fluctuations at the frequency of the first mode of overall flow motion on the wing. The strong correlations between the different spanwise shock wave positions and pressure fluctuations at different chordwise and spanwise location confirm that shock wave induced flow oscillation is the result of system mode determined mutually by streamwise disturbance wave propagation and spanwise disturbance wave propagation.
III.C. 3D Supercritical Swept Wing Buffet Onset Prediction
A large number of computations is performed at different flight Mach numbers and angles of attack. Results are examined to see if the flow exhibit unsteady shock motion to predict the onset of buffet for this 3D swept wing in the free-stream Mach number range from 0.72-0.84. Figure 25 shows the various computations and the buffet boundary in the Mach-angle of attack plane. The open symbols represent that the computed results are steady. The solid symbols represent computations that exhibit unsteady motion. Figure 26 shows the lift to drag ratio for different flow conditions. When the lift to drag ratio is over 14.5 the flow is steady. The flow is unsteady if the lift to drag ratio is under 14.5. The trend is independent of the free-stream Mach number.
IV. Conclusion
The present work presents URANS and DES computations to investigate a swept supcritical wing buffet phenomenon. Firstly, 2D URANS airfoil buffet simulation is performed to validate the unsteady computational solver. The URANS flow solver successfully predicted buffet behavior of airfoil. The computed mean pressure distribution and buffet frequency agree well with experimental data. This indicates that URANS may be sufficient to predict transonic shock buffet. Then 3D URANS and DES buffet simulations for a swept wing are performed. The URANS method fails to predict buffet phenomenon of the swept wing. The DES method successfully predict the 3D shock wave induced flow oscillation phenomenon. A large number of DES computations has been performed to map out the buffet boundary in the Mach -angle of attack plane for this 3D supercritical swept wing. The DES computations show the 3D shock wave oscillation pattern is determined by streamwise disturbance wave propagation and spanwise disturbance wave propagation. 
